e temperature dependences of acoustic properties of nanostructured and polycrystalline zirconium are investigated in the temperature range of 100-340 K.
Introduction
e study of physicomechanical properties of high-fragmented polycrystals with the mean grain size of order 100 nm is of interest both from the fundamental and technological points of view. Fragmentation of polycrystalline metallic materials and their transition into the nanostructured (NS) state change essentially such important physical and technological characteristics as elastic moduli, strength and plasticity, the Debye temperature, the Curie temperature, corrosion resistivity, etc. In some cases, NS metals have much higher operational characteristics in comparison with coarse-grained polycrystalline metals and may be regarded as perspective constructional materials.
Severe plastic deformation (SPD) is one of the simplest and accessible methods of obtaining high-fragmented metals. High levels of plastic deformations may be achieved using equal-channel angular pressing, high-pressure torsion, accumulative roll-bonding, hot and cold rolling, drawing, hydroextrusion, forging, and the variety of their combinations [1, 2] . SPD methods allow obtaining large and practically pore-free bulk samples that are not accessible when using other techniques, for example, by the compaction of superfine powders. However, samples prepared with the help of the SPD techniques are not in thermodynamic equilibrium due to a huge number of deformation defects, first of all, high density of dislocations. is can be considered as one of the main reasons for the significant change of physicomechanical properties of polycrystals during formation of the NS states as well as at subsequent thermal and/or mechanical treatments. Instability of the NS materials is a serious restriction for their wide application as elements of constructions which are subjected to extreme working loads and temperatures. erefore the study of changes in microstructures of the NS metals and alloys at various stages of their preparation and post-SPD treatments is an important and actual problem in modern materials science and technology.
Experimental study of elastic and inelastic properties of the NS metals in a wide temperature range using acoustic spectroscopy methods may provide important information on dynamic properties of dislocations in metals. ese methods offer nondestructive way of obtaining elastic and inelastic characteristics of materials, possess high structure sensitivity, selectivity and reproducibility. In the present work, acoustic properties of intensively deformed zirconium are investigated in temperature range 100-340 K. anks to a number of important physical parameters and their optimal for practical applications combination (resistance to radiating damages, small cross section for scattering of thermal neutrons, plasticity and strength, high corrosion stability) zirconium finds wide application in nuclear power engineering. It was established that the SPD fragmentation of Zr polycrystals essentially improves physicomechanical characteristics of pure zirconium, especially, in the range of low temperatures [3] ; however, the evolution of parameters of dislocation structure at different stages of the preparation and post-SPD processing of NS zirconium was not investigated in detail.
e main purpose of the present work is a comparative study of dislocation structure evolution in the pure zirconium subjected to various SPD manufacturing schemes and post-SPD annealing by investigation of changes in the main parameters of the low-temperature Koiwa-Hasiguti (KH) dislocation acoustic relaxation.
Experimental
Samples of polycrystalline iodide zirconium were studied. e starting material was subjected to double electron-beam remelting. e grain size in the initial ingots was ∼1 mm, and the integral purity of the material was characterized by the relative change of the resistivity between 293 K and 4.2 K ρ 293 /ρ 4.2 ≈ 40. Fragmentation of the grain structure of the samples was achieved during SPD on several technological schemes.
e value of plastic deformation at extrusion, drawing, upsetting, and squeezing was characterized by the value of the "true" plastic deformation e � ln (S 0 /S), where S 0 and S are the initial and final cross sections of the samples. e use of the multistage SPD schemes was aimed both at reducing the mean grain size d and achieving a more uniform grain-size distribution and a higher degree of the grain equiaxiality. e homogeneity of the grain-size distribution was characterized by the coefficient of variation e mean grain size and other characteristics of the structure of samples were determined by means of histograms. Details of the sample preparation procedure and methods for determining their structural characteristics are described in [4] [5] [6] , and the main characteristics of the samples studied are given in Table 1 .
Acoustic measurements were carried out by the twocomponent composite vibrator technique with piezoelectric excitation [8] . Longitudinal standing waves were excited in the samples at the fundamental frequency f ∼ 73 kHz and also at the 3rd and 5th harmonics of the quartz transducer (∼220 and ∼365 kHz, resp.). e samples were cut from the initial billets using spark erosion cutting. en the end faces of the samples were polished with abrasive materials to achieve the required length (∼30 mm), flatness, and parallelism. e measurements were carried out in the temperature range of 100-340 K. e rate of the temperature change was about 1 K/min. Near the acoustic anomalies, the temperature variation steps were from 1 to 3 K, and at other temperatures, they were 5 K.
e temperature dependences of the logarithmic decrement δ(T) and the resonant frequency f(T) of the composite vibrator were measured. e resonant frequency was used to determine the dynamic Young's modulus E(T) of the samples. e measurements were carried out in the amplitude-independent region at the ultrasonic strain amplitude of ε 0 ∼ 1 · 10 −7 . To obtain the information on structure stability of the samples, they were annealed in vacuum at 425 K for 1 hour.
Results and Discussion

Physical Nature of the Dynamic Relaxation.
Temperature dependences of the logarithmic decrement δ(T) measured at frequencies of f ∼ 73 kHz are shown in Figure 1 . For comparison, the results obtained earlier for the well-annealed coarse-grained polycrystalline zirconium at the frequency f ≈ 87 kHz [7, 9] are also presented. A pronounced peak of internal friction is found at the peak temperature T P ≈ 255 K. It is established that the peak shifts towards higher temperatures when increasing the frequency, which indicates the thermoactivated relaxation nature of the peak.
In the simplest description of thermally activated dynamic relaxations, it is assumed that all the elementary relaxation entities (relaxators) are identical and, at each temperature, are characterized by an unique relaxation time, whose temperature dependence τ(T) is described by the Arrhenius expression:
where U 0 is the activation energy of the relaxation, τ 0 is the attempt period, and k is the Boltzmann constant. According to the Debye approximation, the frequency-temperature dependence of the relaxation component of the logarithmic decrement δ
where ω 2πf is the angular oscillation frequency,
is the maximum modulus defect (relaxation strength) associated with the Debye relaxation, and M U and M R are the nonrelaxed and relaxed elastic moduli, respectively. In view of (2), the Debye peak should be observed when the condition
is satis ed. Notice that the maximum value of the relaxation component of the decrement δ 
e activation energy U 0 and the attempt period τ 0 can be determined from the peak shift with the frequency change:
where
are the peak temperatures in the temperature dependences measured at the frequencies ω 1 and ω 2 , respectively. e activation energy obtained in this way turned out to be U 0 ≈ 0.32-0.37 eV and the attempt period τ 0 ∼ 10 −13 s. e experimentally determined values of the activation parameters allow to attribute the peak to a family of so-called Koiwa-Hasiguti peaks (KH peaks) [10] caused by thermally activated unpinning of dislocations from point defects (impurities and/or vacancies). en, the parameter U 0 has the meaning of the binding energy, and the parameter τ 0 is the period of oscillations of the microscopic element of the dislocation line directly interacting with the point defect.
e values of U 0 and τ 0 obtained according to the simple Debye approximation (5 and 6) should be considered only as preliminary estimates. In fact, the frequency-temperature dependence of the relaxation component of the decrement δ KH r (ω, T) near the KH peaks is described by a more complicated expression than the Debye peak [10] :
where Δ KH M is the maximum value of the modulus defect (relaxation strength) associated with the given dynamic relaxation
with δ KH r max being the height of the experimentally observed KH peak. It should be noted that, in this case, the maximum modulus defect Δ KH M is very large in comparison with the peak height δ KH r max unlike the Debye peak (cf. (4) and (8) . It was noted in [10] that the di erence between these two relaxations consists in the fact that, in the case of the KH relaxation, the behavior of pinned dislocations is asymmetric with respect to the application and the release of external stresses. us, the solid that contains pinned dislocations as elements of inelastic strain does not behave like standard linear solid for which the Debye approximation is valid. According to [10] , in order to observe the KH peak in the temperature dependence of the decrement, it is necessary that
in contrast to the condition ωτ(T D P ) 1 for the Debye relaxation. Within the single relaxation time approximation, the activation energy U 0 can still be determined from the Advances in Materials Science and Engineeringfrequency shift of the peak temperature using (5), but for the estimation of the attempt period τ 0, (6) should be modi ed as follows:
us the use of (9) instead of (3) does not a ect the evaluation of the activation energy U 0 and only slightly increases the estimate of the attempt period τ 0 . is allows us, as before, to consider the thermally activated unpinning of dislocation segments from point defects as the basic microscopic mechanism of this low-temperature relaxation.
In uence of SPD on the Parameters of the Dynamic
Relaxation. As a result of the intensive plastic deformation, the temperature dependences of the decrement δ (T) underwent a number of essential changes:
(1) Background values of the decrement δ BG (T) and the height of the relaxation component of the peak δ Table 2 . It is assumed that the background losses depend exponentially on temperature [7] :
where δ BG (5 K) are the background losses at 5 K, A, and B are adjustable parameters.
e Peak Height. Figures 1 and 2(a)
show that, at the rst stages of SPD application, the peak height increases by more than an order of magnitude compared to undeformed and annealed samples ( Figures 1 and 2(a) ). Complicating the SPD schemes and increasing the total plastic deformation e (and, correspondingly, decreasing in the mean grain size d) did not lead to a further increase in the height of the relaxation peak. Moreover, there was a tendency to some decrease in peak height for the most fragmented samples.
e height of the relaxation peak δ KH r max is determined by a number of elementary relaxators being excited in the material and by the individual contribution of each relaxator to inelastic strain of the crystal. e signi cant increase in the peak height in the deformed samples may indicate a substantial increase in the number of relaxators and/or an increase in their individual contributions. e elementary act of the dynamic KH relaxation is the thermally activated unpinning of dislocation segments from weak pinning centers (impurities and/or vacancies) under the joint action of the external alternating stress and thermal activation. e signi cant increase in the dislocation density Λ (the total length of dislocation lines in the unit volume) as a result of the SPD may lead to an increase of the number of successful acts of unpinning of dislocation segments from local pinning centers. e contribution of the individual unpinning act to ultrasound absorption is determined by the additional inelastic strain provided by each unpinning. While analysis of the magnitude of this contribution is a rather di cult task even for coarse-grained metals or metallic single crystals [11] , it becomes even more complicated in the case of the NS metals obtained by SPD methods. When the value of plastic deformation reaches several hundred percent, all possible modes of plastic deformation act in metals: dislocation sliding, twinning, processes at the grain boundaries are involved, and a dynamic recovery is observed. A complex Figure 2 : Dependences of (a) the peak height δ r max , (b) the peak temperature T P , and (c) the peak width Δ1/T ∓ 0.5 KH in Zr on the mean grain size d. Full symbols are the data of this work; empty symbols are taken from [7] .
subsystem of crystal defects with a high level of internal stresses is formed in the samples in this case. e dislocation density reaches values of Λ ∼ 10 14 -10 15 m −2 . Along with the density of intragranular, the density of grain-boundary dislocations considerably increases. e situation in HCP metals is even more complicated in view of the presence of essentially different slip systems: basic, prismatic, and two pyramidal [12] . Under these conditions, it is difficult to assess the degree of influence of SPD on the contribution of the individual relaxator to the ultrasound absorption. We can only state a significant increase in the total relaxation strength as a result of the application of the SPD schemes chosen. It should be emphasized that, even in the most fragmented samples with the mean grain size of about 100 nm, there is a sufficiently large number of dislocation segments capable of thermally activated unpinning from local pinning centers and contributing to the dynamic KH relaxation.
It should be noted that a use of SPD does not always lead to an increase in the background absorption and the relaxation strength. In the work [13] , some lowering of the damping capacity was observed at a comparative study of coarse-grained and ECAP-refined UFG samples of Fe13Cr-2Al-1Si ferromagnetic alloy. is was attributed to the pinning effect introduced by SPD crystal defects (dislocations, subgrain boundaries, etc.) on the movement of magnetic domain walls.
e Peak Temperature.
e most interesting effects that have been registered in this work are the systematic lowering of the peak temperature T KH P and the decrease of the peak width Δ(1/T ∓ 0.5 ) KH (peak narrowing) with the decrease of the mean grain size in the samples (Figures 2(b) and 2(c) and Table 2 ). Combining (1) and (9), the KH peak position along the temperature axis can be determined:
Equation (12) shows that, at a constant oscillation frequency ω (i.e., almost the case in our experiment), the peak shifts towards low temperatures as a result of the SPD can be attributed to a decrease in both the activation energy U 0 and the attempt period τ 0 . It should be noted that the dependence of T KH P on τ 0 is logarithmic and is much weaker. Some additional experimental evidences and arguments are required in order to make the final choice between these two possible factors affecting the peak temperature (see below).
e Peak Width.
As it was noted, the width of the experimentally observed KH peak Δ(1/T ∓ 0.5 ) KH decreases systematically with decreasing mean grain size in the samples.
e value of Δ(1/T ∓ 0.5 ) KH in the single relaxation time approximation can be obtained by equating the right-hand side of (7) to 0.5δ KH r max (8) and finding roots of the equation 10.08
where y 1,2 ≡ (ωτ) 1, 2 are the values of ωτ at which the half height 0.5δ KH r max of the peak is reached. e numerical solution of (13) shows that the half height of the KH peak is reached at ωτ 1 � 6.178 and ωτ 2 � 0.405. Assuming that the values of ω, U 0 , and τ 0 in the interval between ωτ 1 to ωτ 2 remain unchanged, it is easy to obtain
e analogous expression for the width of the Debye peak can be obtained analytically under the same assumptions and that differs from (14) only by a numerical coefficient [14] :
It follows from (14) and (15) that the widths of the relaxation peaks of both types are inversely proportional to the activation energy U 0 . According to (12) , the peak temperature T KH P is directly proportional to this value. In our experiments, both the peak temperature and peak width decreased with decreasing the mean grain size. It is clear that these effects cannot be explained simultaneously by a change (decreasing or increasing) of U 0 . On the other hand, according to (15) , the peak width does not depend on τ 0 . is allows us to suppose that a decrease in τ 0 may be the reason of both effects.
Relaxation Time Distribution.
e registered changes in the parameters of the KH peak due to SPD are apparently caused by changes in the effective values of the activation Advances in Materials Science and Engineeringparameters of the KH relaxation process.
e important consequence of SPD is the appearance of signi cant internal stresses in the metal which may either facilitate or hinder unpinning of dislocation segments from the pinning centers thus changing the e ective values of the activation parameters U 0 and/or τ 0 and, hence, the relaxation time τ.
ese changes may be di erent for relaxators acting at di erent locations in the sample. is should lead to the formation of spectra (discrete or continuous) of the activation parameters. e large width of the relaxation peaks may serve as an evidence of the existence of the relaxation time spectra.
e temperature dependences of the normalized relaxation components of the decrement δ KH r /δ KH r max for three samples are presented in Figure 3 . e dashed curve is drawn using (7) for the case of a single relaxation time approximation. It is clearly seen that the experimentally measured internal friction peaks are much broader than that predicted by (7) .
In the literature, several ways of taking into account the distribution of the relaxation time were proposed for describing the broadened relaxation peaks.
e use of the normal Gaussian distribution for the value of ln(τ) (lognormal distribution) we consider is most reasonable [15, 16] . In [15] , such analysis was used when investigating the in uence of the relaxation time distribution on the width and height of the Debye peaks. In this paper, we applied the same approach to the analysis of properties of the KH peaks.
e relaxation component of the logarithmic decrement when considering the distribution in ln(τ) can be written as
where Ψ(ln(τ)) d(ln(τ)) is the relative number of elementary processes contributing to δ KH r , for which the logarithm of the relaxation time falls within the interval between ln(τ) and ln(τ) + d (ln(τ) ). e function Ψ(lnτ) is a normalized distribution function:
Let us change the absolute value of τ to the normalized one and introduce the variable
where τ m is the mean value of the relaxation time at the given temperature. en the Gaussian distribution function for z can be written as
where β is the Gaussian distribution parameter, which determines the half-width of the distribution at the level Ψ(z)/Ψ(z m ) 1/e, Ψ(z m ) is the maximum value of Ψ, and z m ≡ z(τ m ) 0 is the average of distribution. Substituting (19) in (16) and introducing variables
one obtains the expression for the relaxation component of the decrement taking into account the Gaussian distribution in ln(τ/τ m ):
is latter expression uses the notation introduced in [15] . e quantity β in (23) determines the change of the main characteristics of the KH peak in the presence of the relaxation time distribution. For β 0, the Gaussian function goes into a Dirac δ-function and (23) degenerates into (7) for the case of a single relaxation time. In Figure 4 , the normalized curves for values of β 0, 2, 5, and 10 are presented.
An analysis of (23) allows us to draw some conclusions about the changes of the basic parameters of the KH peak in the presence of the distribution of relaxation times (in other (1/T) (for better clarity, the data for three samples are given). e dashed line shows the normalized dependence of the relaxation component of the decrement obtained for the sample Zr-02CE in the single relaxation time approximation (7). 6 Advances in Materials Science and Engineering words, about their dependence on the distribution parameter β). First of all, a considerable increase in the width of the relaxation peak with increasing β is observed. It was demonstrated in [15] that the ratio
is a useful characteristic of the peak width (here Δ(1/T ∓ 0.5 ) KH (β) and Δ(1/T ∓ 0.5 ) KH (0) are the widths of the peaks with β > 0 and β 0, resp.). e value Δ(1/T ∓ 0.5 ) KH (0) can be obtained using (14) . Numerical calculations give an empirical relation between the values r 2 and β. In Figure 5 , the dependences of β KH (r 2 ) for the KH peak and β D (r 2 ) for the Debye peak are presented. Solid lines show the corresponding approximations for β KH and β
ese approximations can be used for obtaining the distribution parameter β from the experimental data by calculating r 2 in accordance with (14) , (15) , and (24). Figure 6 Analysis of (23) shows that, along with broadening of the KH peak with increasing β, a signi cant decrease in the height of its relaxation component f KH 2 (0, β) takes place (Figure 7(a) ). e relationship f 
e latter approximation is shown in Figure 7 (a) by a solid line. e relaxation strength Δ KH M can be derived from the height of the relaxation peak δ
e value Δ KH M can also be obtained independently from the measurements of the elastic moduli which are usually carried out together with the internal friction measurements
where E KH U and E KH R are the values of the unrelaxed and relaxed elastic moduli, respectively. e applicability of this method is limited by the correct determination of E KH U and E KH R from the experiment. e value of E KH R should be taken in the temperature range where all the relaxators of the given type already contribute to the modulus defect (a hightemperature limit). Likewise, it is not easy to obtain the value of E KH U since it assumes that, in the same specimen and in the same temperature range, all the relaxators of this type are completely immobilized (or absent) and do not contribute to the modulus defect at all. In most of the cases, it is impossible to ful ll simultaneously these concurrent conditions, rst of all, due to superposition of two (or several) relaxation processes with close activation parameters. Usually, the value of E (25) and (26), resp.).
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unrelaxed E KH U (T), the temperature dependence E (T) in the well-annealed Zr-CG sample [17] was used in (29). Qualitatively, the dependences obtained by two independent methods correlate with each other, although the values Δ KH M obtained from the measurements of the dynamic Young's modulus appeared to be smaller than those obtained from the peak height. It should be noted that, despite the underestimation, the values Δ KH M obtained from the Young's modulus measurements are more than twice (from 2.2 to 2.8 times) higher than the peak height δ KH r max .
e signi cant magnitude of the modulus defect is an additional evidence of the fact that this peak is the KH peak [10] . Figure 8 , as well as Figure 2 (a), shows that the relaxation strength of the KH relaxation decreases with increasing a degree of fragmentation of the samples. is means that, in the most fragmented samples, the total number of successful acts of thermally activated unpinning of dislocations from the pinning centers gradually decreases that can be explained by a decrease in the mean length of dislocation segments L c with a decrease in the mean grain size in submicrocrystalline samples.
e Shape of the Peak.
A more detailed analysis of the behavior of the KH peak in the presence of the relaxation time distribution shows that an increase in β signi cantly changes the shape of the KH peak. Contrary to the Debye peak, the KH peak at β 0 is asymmetric. e slope of its high-temperature branch is noticeably steeper than that of the low-temperature one. As a measure of the peak asymmetry, the absolute value of the ratio K of the derivatives at the in ection points on both sides of the peak may be used [19] :
While the Debye peak in the coordinates chosen is symmetric with respect to x 0 and Κ D 1 regardless of the value of β, the KH peak at β 0 has a noticeable asymmetry and Κ ΚΗ 1.464. When β increases, the quantity Κ ΚΗ decreases rather rapidly and tends to unity in the limit of large β; that is, the KH peak becomes almost symmetrical ( Figure  7(b) ). is result does not agree with the conclusion made in [19] where it is stated that the shape of the KH peak remains unchanged (i.e., K const), and the peak retains its asymmetry when increasing a dispersion of the activation energy.
Despite the changes in the width, height, and shape of the KH peak, the area under the peak (Figure 7(c) ). is result agrees with the analogous result obtained in [15] for the Debye peak.
E ect of Annealing.
To test the stability of the structures created in the samples during SPD and to detect a possible recovery of acoustic properties, the samples were annealed at the temperature T ann 425 K for 1 hour in vacuum. e annealing temperature was chosen close to the lower boundary of the primary recrystallization temperature T cryst ≈ 0.2 T m (T m 2098 K is the melting point of zirconium).
It is well known that signi cant changes can occur in the structure of the samples during annealing. Even at temperatures under T cryst , the parameters of the dislocation structure begin to change; in particular, the dislocation density Λ decreases and the mean length of dislocation segments L c changes. When T cryst is reached, growth of small grains is occurred, and the mean grain size increases.
at may be accompanied by a formation of annealing textures (a predominant growth of grains of certain orientations is observed). Moreover, signi cant changes of the internal stresses can occur at elevated temperatures due to appearance of additional channels for their relaxation and the increase in the rate of di usion processes. All these changes should a ect the main parameters of the internal friction peaks observed.
Changes in the Peak Temperature.
e peak temperature T KH P increased after annealing; that is, a partial recovery of this KH peak parameter is observed (Table 3 ). e largest recovery is observed in the most fragmented samples. It means that the structures of the NS samples created with the application of more complicated SPD schemes proved to be the least resistant to the post-SPD heat treatment. According to (12) , the value T KH P is determined by a combination of values U 0 and τ 0 . Hence, the observed recovery of T KH P as the result of the recrystallization may be regarded as evidence of an in uence (direct or indirect) of the average grain size on the activation parameters of the KH relaxation. However, the nature of such in uence still remains unclear, and a further study of this problem is required.
Changes in the Peak
Width. Unlike the peak temperature, the peak width (or the distribution parameter β) did not undergo a recovery upon annealing and continued to decrease (Table 3) . It indicates that, at least at the initial stage of recrystallization, a scatter of the activation parameters of the dynamic KH relaxation does not increase and even somewhat decreases with increasing fragmentation of the samples. Obviously, the reason for this decrease is di erent from that leading to a decrease of β due to fragmentation of the samples. While the decrease in β when decreasing the average grain size d may be associated with a narrowing the dislocation segment length distribution at the expense of the longest segments with the lengths L > d, the decrease in β during annealing may indicate further homogenization of this distribution due to a decrease in the dislocation density and a partial relaxation of internal stresses.
Changes in the Relaxation Strength.
e values of the relaxation strength obtained both from the peak height and from the dynamic Young's modulus measurements decrease after annealing in all the samples (28, 29, and Table 3 ); that is, this parameter of the KH relaxation, like the peak temperature, has a tendency to recovery. e decrease in the relaxation strength is apparently due to a decrease of the number of successful elementary relaxation acts as a consequence of the decrease in the total dislocation density.
eory versus Experiment.
Concluding the discussion of the results on the dynamic KH relaxation in submicrocrystalline (Figure 9 ). To perform this procedure, another variable was chosen as the abscissa axis [20] instead of the variable x given by (20) :
Equation (20) can be used in the analysis of the experimental data obtained at a constant temperature (i.e., when τ m const) and changing oscillation frequency f ω/2π. However, in our experiment, another limiting case was realized: at practically constant oscillation frequency (f ≈ const), the temperature T was varied. Correspondingly, the relaxation time τ m varied exponentially with T within a rather wide range. e values of U 0 and T P in (31) were taken from Table 2 . Values β ΚΗ were obtained according to (14) , (24), and (26) and data from Table 2 . Equation (31) is valid under the assumption that the activation parameters and β ΚΗ of the given relaxation process do not depend substantially on temperature. Figure 9 shows a satisfactory agreement between the theoretical and experimental curves, in particular, in what concerns the width of the peak. It should be noted, however, that there is a signi cant asymmetry in the experimentally observed peaks, which is larger than that predicted by (30).
is could be caused by various reasons. e main of them is the presence of other relaxation processes in Zr in the temperature range T < T KH P (see [6, 18] for more details) which deform the low-temperature branch of the KH peak.
In addition to the distortion of the peak shape, the lowtemperature relaxation processes of a di erent nature may lead to an overestimation of the values 12 μm  = 3.76 Figure 3 . e variable x (U 0 /k)(1/T − 1/T P ) is chosen as the abscissa axis for the experimental curves (31); the values of U 0 and T P are taken from Table 2. β ΚΗ , and Δ KH M determined from the height of the peak. We established that annealing leads to a substantial decrease of the contribution of the low-temperature relaxation processes. Apparently, this can explain the fact that, in the annealed samples, the best agreement between the theoretical and experimental dependences is observed (Figure 9 ).
Conclusions
In this work, the detailed experimental study of influence of severe plastic deformation (SPD) and post-SPD heat treatments on the parameters of the low-temperature Koiwa-Hasiguti dynamic relaxation in coarse-grained and nanostructured Zr samples is carried out. Experimental data on changing the relaxation peak temperature T KH P , the relaxation strength Δ KH M , and the relaxation time distribution parameter β ΚΗ with the mean grain size d are obtained. e analysis of our results allows conclude the following.
(1) As a result of SPD, the sound absorption in all samples increases significantly both the background decrement δ BG (T) and the values of the KH peak height δ KH r max . is effect is due to a significant increase in the dislocation density in samples during the SPD processes.
e largest increase in the decrement is observed at the first stages of SPD. With further accumulation of the total plastic deformation and decreasing the mean grain size, a tendency to a certain decrease in the peak height is observed, which may be caused by decreasing the probability of dislocation unpinning owing to the significant fragmentation of the grain structure. (2) e experimentally measured peak width Δ(1/T ∓ 0.5 ) KH turned out to be much larger than that predicted by the theoretical consideration of this relaxation under the assumption of a single relaxation time for all the relaxators. e broadening of the peak is due to a dispersion of τ around a mean value of the relaxation time τ m (T). Based on the lognormal distribution of the value ln(τ), the statistical analysis of the possible influence of the distribution on the main parameters of the KH relaxation peak is made for the first time. It is shown that the distribution parameter β determines the width, height, and asymmetry of the peak and also allows us estimate the relaxation strength from the peak height. In the paper, the algorithm of determining β from the experimental data is given. 
KH
in the highly fragmented samples systematically decreased. e first effect is due to a decrease of the relaxation time τ at each temperature given, in other words, due to a decrease in the activation energy U 0 and/or the attempt period τ 0 . As the peak width should be inversely proportional to the activation energy U 0 , the reason for the decrease of Δ(1/T ∓ 0.5 ) KH should be a decrease inτ 0 when reducing the mean grain size.
(4) As a result of annealing, the peak temperature T KH P increases, i.e., a partial recovery of this parameter is observed. is effect is more pronounced in the most fragmented samples. is indicates that the structures of the submicrocrystalline samples prepared by the application of more complicated SPD schemes are less resistant to the heat treatment used. (5) e relaxation strength values Δ KH M decrease after annealing in all the samples, i.e., this parameter of the KH relaxation, like the peak temperature, has a tendency to recovery. e decrease in the relaxation strength, apparently, is a consequence of the decrease in the dislocation density and, correspondingly, in the number of the operating relaxators. (6) Unlike the peak temperature, the peak width does not show a recovery during annealing. Moreover, the value of β continues to decrease. It means that, at least at the initial stage of recrystallization, the dispersion of relaxation times does not increase but even somewhat decreases, especially in the most fragmented samples. e decrease in β with the mean grain size lowering may be explained by a narrowing of the dislocation length distribution at the expense of the longest dislocation segments L > d. e next decrease in β during annealing indicates further homogenization of the dislocation structure because of reducing the total dislocation density and lowering the level of internal stresses.
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